Sonic hedgehog (Shh) signaling plays diverse roles during animal development and adult tissue homeostasis through differential regulation of Gli family transcription factors. Dysregulated Shh signaling activities have been linked to birth defects and tumorigenesis. Here we report that Brg, an ATP-dependent chromatin remodeling factor, has dual functions in regulating Shh target gene expression. Using a Brg conditional deletion in Shh-responding neural progenitors and fibroblasts, we demonstrate that Brg is required both for repression of the basal expression and for the activation of signal-induced transcription of Shh target genes. In developing telencephalons deficient for Brg, Shh target genes were derepressed, whereas Brg-deleted cerebellar granule neuron precursors failed to respond to Shh to increase their proliferation. The repressor function of Brg was mediated through Gli3 and both the repressor and activator functions of Brg appeared to be independent of its ATPase activity. Furthermore, Brg facilitates Gli coactivator histone deacetylase (HDAC) binding to the regulatory regions of Shh target genes, providing a possible mechanism for its positive role in Shh signaling. Our results thus reveal that a complex chromatin regulation mechanism underlies the precise transcription outcomes of Shh signaling and its diverse roles during development.
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Gli proteins | neural development | SWI/SNF complexes | transcription regulation | signal transduction T he Sonic hedgehog (Shh) signaling pathway regulates many important mammalian development processes (1) (2) (3) (4) . During neural development, Shh exerts different functions as a morphogen or a mitogen. For example, in telencephalons, Shh mainly antagonizes Gli3 repressor function to regulate the dorsal-ventral neural patterning (2, 3, 5, 6) . In contrast, during cerebellum development, Shh produced from Purkinje neurons activates mitogenic target genes in cerebellar granule neuron precursors (CGNP) that result in CGNP proliferation (7) (8) (9) .
Shh signaling controls target gene expression by regulating activities of Gli family transcription factors (1, 2, 10) . Three Gli proteins (Gli1, -2, and -3) perform distinct and partially overlapping functions (2, 11) . Gli1 and Gli2 are the main transcription activators mediating Shh-induced transcription. Gli3 can be proteolysed in the absence of Shh signals and the C-terminal truncated proteins function as the main repressor for Shh target genes (12) . Shh signaling inhibits Gli3 proteolysis and activates Gli1/2 proteins. In general, Gli proteins share the same set of target genes (13) . However, the chromatin cofactors essential for distinct Gli transcription activities during development are largely unknown. One epigenetic mechanism of Gli3 repressing Shh target genes is by recruiting histone deacetylase (HDAC) corepressors, which likely repress transcription by deacetylating histones (14, 15) . Interestingly, it has been recently reported that HDAC1/2 positively regulate transcription activator activity of Gli1 by directly controlling Gli1 protein deacetylation (16) . Thus, Gli transcription activities and Shh signaling outcomes are under complex regulations by chromatin regulators.
The mammalian SWI/SNF-like Brg/Brm associated factor (BAF) complexes are ATP-dependent chromatin remodeling complexes (17, 18) , which can use energy derived from ATP hydrolysis to regulate nucleosome mobility and chromatin accessibility (19, 20) . In addition, their 10-12 subunits provide surfaces to interact with various transcription factors and cofactors (21, 22) , which may introduce additional ATPase-independent functions to BAF complexes as activators or repressors.
In this study, we found that during neural development, Brg, the ATPase subunit of BAF complexes, plays a dual role in regulating Shh signaling. It is required for both repression of the basal expression and for the activation of signal-induced Shh target gene transcription. In neural progenitors and fibroblasts, conditional deletion of Brg resulted in altered Shh target gene expression and defective response to Shh signal. Brg interacted with Gli transcription factors and was likely recruited to Gli regulatory regions. Both Brg repressor and activator functions appear to be independent of its ATPase activity and its coactivator function was at least partially mediated through facilitating HDAC coactivator binding to the Gli regulatory regions. Thus, our results uncovered an essential epigenetic program regulating Shh target gene expression.
Results

Brg Represses the Basal Expression of Shh Target Genes in Developing
Telencephalons. Our previous analysis of a neural-specific Brg conditional knockout (Brg F/F ; Nestin-Cre) indicated that the Brg/ BAF complex is essential for cortical neural progenitor selfrenewal, maintenance, and proper differentiation (23) . Microarray analysis revealed that levels of a group of Shh target genes, including Ptch1, Hhip, olig2, and pdgfra, were significantly increased in embryo day 12.5 (E12.5) Brg-mutant telencephalon compared with levels in wild-type tissue (23) . The Ptch1 gene encodes a Shh receptor and is also a direct Shh target gene. Using a Ptch1-lacZ indicator mouse with a lacZ gene knocked in at the Ptch1 locus (24), we confirmed that Ptch1 gene expression was increased in Brg-deleted neural tissues such as telencephalons and neural tubes (Fig. 1A) .
Expression of other Shh target genes in Brg-mutant telencephalons was examined ( Fig. 1 B and C) . Olig2 expression was significantly derepressed in the cortex and dorsal diencephalon regions as shown by antibody staining (Fig. 1B, arrows) . In contrast, Olig2 expression in the basal ganglia eminence and ventral diencephalon was reduced (Fig. 1B, arrowheads) , suggesting additional function of Brg in Shh-induced gene activation (see below). We confirmed by RT-PCR that expression of other universal and neural-specific Shh target genes such as Gli1, Hhip, and Nkx6.2 was increased in the mutants, especially in the dorsal cortex region (Fig. 1D, Upper) . Expression of general ventral telencephalon markers such as Mash1 and Gsh2 were not significantly changed (Fig. 1D) , suggesting a specific requirement of Brg for regulating Shh target genes. Importantly, Shh, Gli3, and Author contributions: X.Z. and J.I.W. designed research; X.Z., X.S., Z.Z., Y.C., and J.I.W. performed research; X.Z., X.S., Z.Z., and J.I.W. analyzed data; and X.Z. and J.I.W. wrote the paper.
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We examined effects of Brg deletion on upstream Shh signaling activity using Gli3 protein processing as an indication. No significant changes were observed in the ratio between the fulllength Gli3 (Gli3FL) and the truncated Gli3 repressor form (Gli3R) in Brg mutant dorsal or ventral telencephalons compared with wild-type tissues (Fig. 1E) . To further exclude the possibility that altered Shh signaling or Smo activity changes Shh target gene expression in Brg-mutant telencephalons, we treated wild-type and Brg-mutant telencephalon explants with Smo inhibitor cyclopamine to reduce Shh target gene expression to basal levels (25) (Fig. 1F) . Indeed, the basal levels of Shh target gene expression were significantly higher in Brg-mutant telencephalons than in wild-type ones (Fig. 1F) . Together, these results suggest that the up-regulation of Shh target genes in Brgmutant neural tissues is not due to changes upstream of Gli3 processing, but rather due to alterations in transcription regulation directly resulting from Brg deletion. Therefore, during mammalian neural development, one key function of Brg/BAF complexes is to repress basal expression of Shh target genes.
Brg Represses Shh Target Genes Through Gli3. We next examined the effects of Brg deletion on Shh target gene expression in mouse embryonic fibroblasts (MEFs), which contain all of the Shh/Gli pathway components and respond to exogenous Shh peptide (26) . In inducible Brg conditional knockout MEF cells (Brg F/F , actinCreER) (27) , addition of 4-hydroxytamoxifen (4-OHT) induces Brg deletion and reduced Brg protein to undetectable levels within 48 h. In Brg-mutant MEF cells, we also observed increased expression of Shh target genes such as Gli1 and Ptch1 ( Fig. 2A) . Treatment with cyclopamine decreased the expression of Shh target genes in both wild-type and Brg-mutant MEF cells ( Fig.  2A) . However, their basal expression levels in Brg-mutant cells were significantly higher ( Fig. 2A) , supporting the notion that Brg is required to repress the basal expression of Shh target genes. In control experiments, addition of 4-OHT to wild-type MEF cells did not affect Shh target gene expression (Fig. S1 ). Thus, as are telencephalons, cultured MEF cells are suitable for studying BAF regulation of Shh signaling pathway. Because Gli1 level is most sensitive to Brg deletion, we next focused our studies using Gli1 to represent Shh target genes. Reintroducing exogenous Brg into Brg-mutant MEF cells did restore the repression of Gli1 basal expression (Fig. 2B) , suggesting a direct role of Brg in repressing Shh target genes. Interestingly an ATPase inactive form of Brg protein, BrgK785R (17), efficiently repressed Gli1 expression (Fig. 2B) , suggesting that the repression function of Brg is independent of its ATPase activity.
Because Gli3 is the main transcription factor that represses Shh target genes, we examined the functional relationship between Brg and Gli3. Deletion of Brg or Gli3 individually by either RNAi knockdown or knockout in MEF cells derepressed Gli1 mRNA expression (Fig. 2C) . Notably, deletion of Brg from Gli3 −/− MEF cells resulted in a decrease of Gli1 expression relative to levels in Gli3 −/− MEF cells (Fig. 2C ). The lack of additive effects between Gli3 and Brg deletion indicates that Brg repressor function requires the presence of Gli3. The decreased Gli1 level resulted from Brg knockdown in Gli3 −/− MEFs suggests that Brg is required for the full expression of Gli1 in the absence of Gli3 (Fig.  2C) . Furthermore, exogenous wild-type Brg and BrgK785R mutant both effectively reduced Gli1 mRNA level in wild-type MEF
Nkx6 cells, but not in Gli3 −/− MEF cells (Fig. S2) , indicating that Gli3 is required for Brg function in repressing Shh target genes and Brg repressor function is independent of its ATPase activity.
Brg Interacts with Gli Transcription Factors. The requirement of Gli3 for Brg function in repressing Shh target gene expression implies a functional interaction. Double heterozygote analyses of digit development suggest that Brg and Gli3 interact genetically (Fig.  S3 ). We next examined the possible physical interactions between Gli proteins and Brg. Because there is no Gli antibody suitable for immunoprecipitation (IP), we used tagged Gli proteins and examined their interactions with endogenous Brg. NIH 3T3 fibroblasts were transfected with constructs expressing physiological level of HA-Gli3FL and HA-Gli3R proteins (Fig. S4A) . Cell lysates from transiently transfected 3T3 cells were immunoprecipitated with antibodies against HA or Brg. Both HA-Gli3FL and HA-Gli3R coprecipitated with endogenous Brg (Fig. 3 A and  B) . Interestingly, Brg also coprecipitated with HA-Gli1 and HAGli2 proteins (Fig. 3C) , suggesting potential function of BAF complexes in regulating Gli activators. In E13.5 telencephalon we have observed that endogenous Gli3 (full-length and repressor form) coimmunoprecipitated with endogenous Brg, whereas in postnatal day 4 (P4) cerebellum, Gli1 coimmunoprecipitated with Brg (Fig. 3D) . Thus, Brg/BAF complexes interact with Gli proteins and likely function together to regulate Shh target gene expression during development. The N-and C-terminal regions of Gli factors (1-231 aa and 411-1106 aa for Gli1; 1-425 aa and 633-1580 aa for Gli3), but not their zinc-finger domains, were sufficient to coprecipitate with endogenous Brg (Fig. S4 B and C) . Therefore, Gli factors may use multiple mechanisms to interact with Brg/BAF complexes. This also explains the relatively stronger Gli3FL-Brg interaction than Gli3R-Brg interaction (Fig. 3D) .
Brg Binds to Shh Target Gene Regulatory Regions in a Gli-Dependent
Manner. To examine whether Brg binds to the Gli regulatory regions of Shh target genes, we compared published genomewide Brg chromatin immunoprecipitation (ChIP)-seq data (28) with ChIP-chip data for Gli1 and Gli3 (29) (30) (31) . We observed a high frequency of overlapping binding sites around Shh target genes [global analysis and two examples (Ptch1 and Gli1) are shown in Fig. S5 A and B] . Using ChIP, we examined Brg binding to several Shh target genes including Gli1, Ptch1, Nkx6.1, and Nkx 6.2 in developing telencephalon at or close to their previously identified Gli binding sites (29, 30) . ChIP results indicated that Brg was present at or near all of the Gli-binding sites examined (Fig. S5C) . Thus, Brg/BAF complexes likely regulate Shh/Gli target gene expression directly.
We then investigated the interdependence of Brg and Gli3 in the binding to Shh target genes using the genomic regions around the Gli1 transcription start site (TSS) as an example. One functional Gli binding site is located ∼160 bp upstream of the TSS (32). We found that although Brg bound to a large region around Gli1 TSS, it peaked ∼400 bp upstream of the Gli site (Fig. 3E, region 5) . Binding of Brg to Gli1 regulatory regions could be enriched by interactions with Gli factors and certain histone modifications because BAF complexes contain several modified histone binding motifs (33) . Importantly, Brg binding to the Gli1 regulatory regions was significantly reduced in Gli3 −/− MEF cells, whereas its protein levels remain similar (Fig. 3E) . Thus, Gli3 is required for effective Brg binding to Shh target genes and may recruit Brg/BAF complexes to Shh target genes, which is consistent with the notion that Gli3 is essential for Brg repressor function.
On the other hand, Gli3R binding to Gli sites does not require Brg. Wild-type and Brg-mutant MEF cells were infected with lentivirus expressing HA-Gli3R. ChIP experiments using anti-HA antibodies indicated that Gli3R bound to the consensus Gli binding site and it was not affected by Brg deletion (Fig. S5D) .
Brg Is Required for Shh-Induced Target Gene Activation. In addition to its repressor function, Brg may play an additional role in Shhinduced transcription activation as suggested by the Brg-Gli1 interaction (Fig. 3D ) and the reduced expression of Olig2 in Brgmutant ventral telencephalons (Fig. 1B) . Therefore, we examined the effects of Brg deletion on the expression of Shh target genes in the presence of Shh stimulation. In wild-type MEF cells, Shh target genes such as Gli1, Hhip, and Ptch1 were all significantly increased in response to the addition of Shh conditioned media. However, the inductions for all of the target genes were impaired in Brg-mutant MEF cells (Fig. 4A) . Thus, in addition to its function in repressing Shh target gene basal expression, Brg is necessary to fully activate Shh target genes in response to Shh stimulation.
RT-PCR analysis showed that major components of Shh signaling pathway were not affected by Brg deletion (Fig. S6A) . Primary cilia play critical roles in transducing Shh signals and in Gli2/3 protein processing (34) . Acetylated tubulin staining indicated that cilia of normal morphology were formed by Brg-mutant MEF cells (Fig. S6B ). More importantly, Gli3 processing, which is regulated by Shh signaling and requires normal cilia function, was not significantly changed in Brg-mutant MEFs (Fig. 4B) . These data suggested a relatively normal Shh pathway upstream of the transcription regulation in cells lacking Brg. Thus, Brg may play a direct role in facilitating Gli1-directed gene activation. To examine Brg function in Gli1-mediated transcriptional activation, lentiviruses expressing HA-Gli1 protein were introduced into wild-type and Brg-mutant MEFs. Exogenouse HAGli1 induced endogenous Gli1 and Ptch1 expression in wild-type MEF cells (Fig. 4C) . However, the induction was largely abolished when Brg was deleted (Fig. 4C) , indicating that Brg directly regulates Gli1 transcription activator activity. Reintroducing Brg and the ATPase-inactive BrgK785R protein into Brg-mutant MEF cells restored the target gene activation as indicated by an increase in endogenous Gli1 expression (Fig. 4D) . These results suggest that ATPase activity is not required for Brg regulating Shh target gene activation.
Brg Is Required for Shh-Induced Proliferation of Cerebellar Granule
Neuron Precursors. During neural development, Shh induces the mitogenic target genes such as Gli1, N-myc, and cyclin D1 (CcnD1), which in turn promotes CGNP proliferation (7) (8) (9) . To determine whether the function of Brg in Shh-induced target gene activation is developmentally relevant, we examined how Brg deletion could affect Shh-regulated CGNP gene expression and proliferation. CGNPs from P4 Brg F/F , actin-CreER mice were cultured in the absence or presence of Shh-conditioned media. Brg deletion was induced by the addition of 4-OHT. In the absence of Shh, Brg deletion did not lead to significant change of CGNP proliferation as indicated by a mitotic marker Ser10 phosphorylated histone H3 (H3P) (Fig. 5A) . In the presence of Shh, the increase of wild-type CGNP proliferation was significantly larger than the change in Brg-mutant cultures (Fig. 5A,  H3P + cells). The failure of Brg-mutant CGNPs to respond to Shh was also indicated by a decrease in cell numbers in Shh-treated Brg-mutant CGNP cultures compared with wild-type cultures (Fig. 5A) .
Concomitantly, Shh-induced target gene expression in CGNPs was impaired in the absence of Brg. We observed significantly lower signal-induced expression of Shh target genes such as Gli1, N-myc, and Ccnd1 in Brg-mutant CGNP cultures (Fig. 5B) . This defective response to Shh signaling was not due to altered differentiation of CGNP cells in culture because neuronal marker βIII-tubulin and glia marker GFAP were expressed at similar levels in wild-type and Brg-mutant cultures (Fig. 5B) . Thus, the weaker proliferation response to Shh in Brg-mutant CGNPs is likely caused by impaired activation of mitogenic Shh target genes.
In vivo, Brg is also required for Shh-dependent CGNP target gene expression and proliferation. We induced Brg deletion from neural progenitors in developing cerebellum by injecting tamoxifen to P0 Brg F/F , Nestin-CreER and control Brg F/F mice (35) . At P9, Brg-mutant cerebella were slightly smaller (Fig. S7A ) and display defective CGNP proliferation. They contained a significantly lower percentage of H3P + cells and BrdU incorporation in external granule layers (EGL) (Fig. 5C and Fig. S7B ). Importantly, RT-PCR analyses confirmed that Shh target gene expression was significantly decreased in Brg-mutant cerebella (Fig. 5D) . At P9, control and Brg-mutant cerebella expressed similar levels of Shh, Gli2, and CGNP marker Math1 (Fig. 5D) . Thus, Brg is required for Shh-dependent CGNP target gene expression and proliferation in developing cerebellum.
Brg and HDACs Act in Conjunction to Activate Shh Target Genes.
Recently it was reported that HDAC1/2 function as coactivators for Shh-induced gene transcription (16) . BAF complexes have been shown to interact with HDACs and function as corepressors in various contexts (21, 36) . We found that endogenous HDAC1 and HDAC2 coprecipitated with BAF complexes in MEFs when antibodies against Brg or BAF57 were used for IP (Fig. 6A) . Thus, on the basis of the physical and functional interactions between BAF complexes and HDAC1/2, we hypothesize that Brg and HDACs function cooperatively as coactivators for Shh-induced target gene transcription.
To understand the functional relationship between Brg and HDACs, we treated wild-type and Brg-mutant MEF cells with HDAC inhibitor trichostatin A (TSA). TSA treatment significantly impaired the Shh-induced target gene activation in wildtype MEF cells (Fig. 6B) , which is consistent with the previous report that HDACs function as coactivators for Shh-induced transcription (16) . Interestingly, treating Brg-mutant MEF cells with TSA did not further decrease the Shh-induced target gene transcription (Fig. 6B) . The lack of additive effects on Gli1 expression suggests that Brg/BAF complexes and HDACs function together to activate Shh-induced gene transcription. Consistent with this notion, binding by both Brg and HDAC2 to the target gene Gli1 regulatory region was increased upon Shh induction (Fig. 6C) .
In the presence of Shh, despite the increased HDAC2 binding, histone acetylation was increased at the Gli1 regulatory region (AcH4, Fig. 6D ), consistent with activated Gli1 gene expression. This result confirms that the activator function of HDAC2 in Shh-induced gene activation involves nonhistone substrates. Brg deletion led to increased AcH4 in Gli1 regulatory regions in the absence of Shh and decreased AcH4 in the presence of Shh (Fig. 6D) , which corroborated our findings that Brg represses the basal expression and activates signal-induced expression of Shh target genes.
It has been reported that HDAC1/2 interacts with and deacetylates Gli1 (16) . Because Brg interacts with both Gli1 and HDAC, we examined whether Brg could facilitate Gli1-HDAC interaction. In the co-IP experiments, we observed the interaction between HA-Gli1 and HDAC2. However, Brg deletion did not change Gli1-HDAC2 interaction in the experimental setting (Fig. 6E) , suggesting that Gli1 and Brg could interact with HDACs independently.
To understand how Brg and HDACs function together to regulate Shh-induced gene activation, we examined whether Brg deletion could affect HDAC binding to the Gli1 regulatory regions. ChIP analysis indicated that Brg deletion led to a significant reduction of HDAC2 binding to Gli1 regulatory regions both in the absence and presence of Shh (Fig. 6F) . Thus, Brg facilitates binding of HDACs to Shh target gene regulatory regions, which may regulate Gli1 activator activity locally and serve as one mechanism responsible for the essential function of Brg in Shh-induced transcription activation. Relative mRNA levels of Shh target genes, Brg, Shh, Gli2, and CGNP marker Math1 in control and Brg-mutant cerebella were measured by qRT-PCR. Note that Brg deletion was only induced in neural progenitors, whereas the RNA was prepared from the whole cerebella containing both progenitors and neurons. Fold of Enrichment Recently, it has been reported that BAF subunits interact with Gli1 and mutations in another BAF subunit BAF47/SNF5 lead to increased Shh target gene levels in malignant rhabdoid tumors (37) . This result is consistent with our finding of BAF complexes as repressors for Shh target gene basal expression. However, we have provided evidence showing that the interaction with Gli3 mediates the repressor function of BAF complexes. In addition to the repressor function, we have also found that BAF complexes are required for Shh-induced gene activation in vitro and in vivo, which likely requires the interaction with Gli1 activator.
Both the repressor and activator functions of Brg appeared to be independent of its ATPase activity. Thus, Brg/BAF complexes likely play a structural role in regulating target gene transcription. We propose that a biochemical and functional protein network, consisting of Gli transcription factors, BAF complexes, and other chromatin regulating cofactors including HDACs, works in concert to regulate target gene transcription and responses to Shh signals. This layer of transcription regulation at the chromatin level may reveal new therapeutic targets for the Shh-related birth defects, childhood diseases, and cancers.
Materials and Methods
Generation of Brg Conditional Knockout Mice. The floxed Brg (Brg SI Materials and Methods provides further information.
